A high frequency of precursor lesions is a risk factor for cancer in many organ systems but must be precisely quantified. Pelvic serous neoplasia is associated with an estimated increase in frequency of secretory cell outgrowths (SCOUTs) with loss of PAX2 protein (PAX2p) expression (PAX2p-null SCOUTs) in the fallopian tube. However, to confirm this, PAX2p-null SCOUTs must be precisely quantified relative to the epithelial surface. We developed a method by which fallopian tube sections were digitized using an iScan brightfield scanner (BioImagene) and uploaded in Adobe Photoshop CS3 Extended. Pixel length was translated into microns and epithelial length measured with the Magic Wand tool. SCOUTs were expressed as a function of total epithelial perimeter. Frequency, required perimeter length, topographic clustering tendency and effects of age were ascertained. SCOUT frequency per 10 cm was 0-4.60 for cases and 0-1.66 for controls, averaging 0.84 and 0.27, respectively, (P ¼ 0.007). Required perimeter length for SCOUT detection was less in serous cancer cases and topographic distribution followed a random pattern without aberrant clustering. Age was also associated with SCOUT frequency (P ¼ 0.025) and differences between cancers and controls were still significant after adjusting for age (P ¼ 0.001). We describe an efficient method for quantifying epithelial perimeter in the fallopian tube and verify its relevance to precursor frequency. This has important implications for assessing precursor frequency both in the fallopian tube and in other organs-such as prostate, pancreas and colon-where epithelial precursors are integral to carcinogenesis. Modern Pathology (2012) 25, 1654-1661; doi:10.1038/modpathol.2012.100; published online 6 July 2012 Keywords: fallopian tube; precancer; secretory cell; serous cancer Although traditionally presumed to originate primarily in the ovarian cortex, high-grade ovarian cancers, specifically serous cancers, have been reassessed based on recent observations in the fallopian tube.
Although traditionally presumed to originate primarily in the ovarian cortex, high-grade ovarian cancers, specifically serous cancers, have been reassessed based on recent observations in the fallopian tube. 1 These include the frequent discovery of early serous cancers-termed tubal intraepithelial carcinomas-in the tubal fimbriae of women undergoing risk reducing salpingo-oophorectomy for germ-line BRCA1 or BRCA2 mutations, the observation of similar early cancers in 35-60% of un-selected women with fully developed pelvic serous cancer, and the description of a precursor condition in benign tubal mucosa with altered TP53 expression, termed the 'p53 signature'. [2] [3] [4] [5] [6] [7] [8] [9] [10] The latter has focused attention on the early molecular changes that may occur before the onset of either tubal intraepithelial or invasive serous carcinoma in the fallopian tube. Although the p53 signature, by virtue of its location (fimbria), p53 staining, evidence of DNA damage and proximity to intraepithelial carcinomas, is a presumptive direct precursor to intraepithelial carcinoma, a range of other discrete epithelial cell expansions have been described, termed secretory cell outgrowths or SCOUTs. [11] [12] [13] SCOUTs share with p53 signatures a loss of PAX2 protein (PAX2p) expression but contain wild-type TP53 and are not restricted to the distal fallopian tube. In recent reports, SCOUTs, specifically those lacking expression of the paired box 2 protein (PAX2p) have been found in greater frequency-per histologic cross-section-in fallopian tubes of women with serous cancer vs controls. These observations suggest that multiple events in the fallopian tube could be linked to serous carcinogenesis and that these events could be separated in space and time. If true, the notion of a single precursor sequence in a restricted location (fimbria) would be overly simplistic. However, resolving the importance of these disparate events requires attention to confounding variables such as age and equally important, the intrinsic sampling variation across different tissue sections, each with presumably different amounts of epithelium. 14 Numerous examples in the literature attest to the importance of ascertaining precursor frequency or size as a surrogate for cancer risk, such as in the colon, pancreas and prostate, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] These organs house early epithelial changes that are not unlike the SCOUTs described in the fallopian tube. As high precursor frequencies could signal an acquired or underlying familial tendency for cancer development, precise quantification of the epithelial perimeter at risk is paramount. The purpose of this study was to devise a method of quantifying the surface area in the endosalpinx in histologic sections so that estimates of frequency of SCOUTs could be expressed in a more meaningful and reproducible algorithm. The implications pertain to accurately ascertaining whether the fallopian tube mucosa associated with serous cancers is unique by a greater susceptibility to clonal outgrowths of secretory cells. The potential significance of this approach in other tumor systems is discussed.
Materials and methods

Quantification of Fallopian Tube Precursor Frequency
This study was approved by the Human Investigation Committee at Brigham and Women's Hospital. Fallopian tube sections were selected from 34 patients with serous ovarian cancer and 35 controls. These have been previously used in a prior assessment of SCOUTs.
12 Each cross-section was immunostained with antibodies to PAX2p, as previously described and scored by two observers for linear segments of at least 30 consecutive non-ciliated cells exhibiting loss of PAX2p nuclear staining. [11] [12] [13] For each case, a tally of PAX2p-null SCOUT number following examination of a single section from each block was made. To provide a denominator for the scoring, the epithelium from each tubal section was digitized and an objective epithelial length obtained using a 10-step model (Table 1 ; Figure 1 , center). The fields were digitized using an iScan brightfield scanner (BioImagene) and a scale bar was added. The images were then uploaded in Adobe Photoshop CS3 Extended. Pixel length was translated into microns and epithelial length measured using primarily the built in Magic Wand tool (Figures 1   and 2 ). PAX2p-null SCOUTs were then expressed per 10 5 microns (10 cm) of surface area ( Table 2) .
Statistical Analysis
Frequency data were analyzed with attention to both age and presence or absence of serous cancer. The data were analyzed to compare: the frequencies of PAX2p-null SCOUTs per tubal cross-section in cases (high-grade serous cancer) and controls (hysterectomies for benign ovarian disorders). The data were modeled on the assumption that the number of SCOUTs per unit surface length follows a Poisson distribution, with Poisson rate depending on group and age and extent of epithelial surface examined (as an offset). We further assumed that the Poisson rates are drawn from a gamma distribution in order to accommodate extra Poisson dispersion; this induces a negative binomial regression model. 
Results
Application of the Model for Precursor Frequency
Epithelial length was calculated in two ways Table 2 expresses the frequency of SCOUTs as a function of 10 5 microns (10 cm perimeter length) examined. The number of PAX2p-null SCOUTs ranged from 0.00 to 4.60 for cases of serous cancer (Figure 3 ). There was a significantly higher frequency of PAX2p-null SCOUTs in the serous cancer group by w 2 analysis; overall cancers showed a 3.97-fold increase in SCOUT frequency compared with controls (Po0.0001). Figure 4 illustrates the mean amount of epithelial length required in order to find from 1 to 3 SCOUTs. By measuring the epithelial length of all slides harboring a certain number of SCOUTs and combining these measurements, the mean epithelial length that is required to find one, two or three SCOUTs could be calculated. This presentation was devised to reduce the possibility of sampling bias introduced by the addition of one or multiple extra slides to a given case. These problems are eliminated using this representation because the total number of slides per case is not taken into account, only the average amount of epithelium on slides that contain one or more SCOUTs. As can be seen the total length of epithelium that needs to be measured to find both one and two SCOUTs is significantly lower in serous cancer cases compared with controls. In order to find three SCOUTs, the epithelial length is still lower in serous cases, but the error bars overlap with the controls. Figure 5 graphically depicts the physical distribution of SCOUTs on a slide, documenting whether multiple SCOUTs in a case tend to colocalize or have a random distribution throughout the fallopian tube. The frequency as plotted shows the pattern one would expect from a random distribution, with a high chance of having a single event in a given section; increasing numbers of events in a section become increasingly fewer in number. 
Frequency of Fallopian Tube Precursors
Required Perimeter Length for SCOUT Detection
Topographic Distribution of SCOUTs
Influence of Age
The mean ages of serous cancer cases and controls were 64 (37-80) and 54 . Ages were categorized into quartiles of its distribution (o51, 51-60, 60-67 and 467) and found to be significantly associated with number of SCOUTs in this model (P ¼ 0.025). However, serous cancers and controls remained significantly different on adjusting for age in the negative binomial regression model (P ¼ 0.001), with cancers having approximately 4.1 times as many SCOUTs as controls. 
Discussion
This paper illustrates a method by which an objective assessment of fallopian tubeal mucosal length can be achieved for the purposes of fixing a denominator to the number of precursors tabulated in a histologic specimen in two dimensions. If tabulated in serial sections, a reproducible threedimensional estimate would also be possible. The implications of this approach are considerable given the differences observed in fallopian tube precursor frequency and the potential link between precursor frequency and cancer risk in the fallopian tube and other organs. The p53 signature is considered a putative direct precursor to serous tubal intraepithelial carcinoma and initial estimates did not detect a significantly higher frequency of p53 signatures in tubes from women with BRCA1 or BRCA2 mutations relative to controls. 9, 25 Others observed a higher frequency in tubes from women at genetic risk or in older women. 4, 26 However, estimates could be influenced by the number of tissue blocks or the number of serial sections examined. 14 SCOUTs have emerged as a form of 'surrogate precursor', that is, they are more widely distributed in the fallopian tube than p53 signatures and lack TP53 mutations, but share functional gene disturbance with malignancies (loss of PAX2p expression) and appear to be more frequent in women with serous cancer. Thus, SCOUTs may be a harbinger of one or more biologic events that predate and signal an increased risk of neoplasia. SCOUTs were calculated as nearly sixfold more frequent in cancer cases when compared with controls. 13 Follow-up studies recognized the need to account for both the age of the subjects and number of cross-sections examined. 12, 13 When this was done, an additional link to age and a less pronounced (albeit still significant) relationship to malignancy was observed. This study was designed to more critically evaluate this relationship and create a method by which the surface area of the fallopian tube could be ascertained. As shown in Figures 1 and 2 , the assessment of epithelial surface is easily accomplished by scanning the slide and digitizing the images with scale bars followed by an analysis in Adobe Photoshop to compute the linear surface in microns. With this approach, the proposed link between SCOUT frequency (per 10 5 microns or 10 centimeters) and neoplasia is validated. [11] [12] [13] We found in addition, as would be expected, that the mean amount of perimeter needed to identify the first SCOUT was less in cases of serous cancer. Moreover, the distribution of SCOUTs appeared to be random, without clustering in particular tissue sections of the fallopian tube ( Figure 5 ).
Morphologically benign epithelial lesions similar to SCOUTs have been shown to be an early step in carcinogenesis in several other tissues, including the colon, prostate and pancreas. [27] [28] [29] In the latter, the putative precursor is designated pancreatic intraepithelial neoplasia or PanIN. PanIN has been defined as a microscopic lesion arising in a smaller (o0.5 cm) pancreatic duct. 30 Morphologically benign flat and papillary pancreatic precursors (PanIN-1A and 1B) contrast with severe atypias (PanIN-3), similar to SCOUTs and p53 signatures and tubal intraepithelial carcinomas of the fallopian tube. 31 Like SCOUTs and p53 signatures, low-grade PanINs are common in the general population but are more common in cancers vs controls (43% vs 28%). 32 Like tubal intraepithelial carcinoma, high-grade PanIN is much rarer and even more likely to be associated with malignancy. 33 Overall, PanINs increase in frequency as a function of age, similar to SCOUTs and (in more recent reports) p53 signatures. 4, 12, 13, 26, 31, 34, 35 Currently used methods of assessing PanIN frequency are by either measuring the number of PanINs per cm 2 of pancreatic tissue 19, 20, 36 or by measuring PanIN frequency per slide. 32 The first method measures both epithelium and parenchyme within the studied fields and as such measuring errors may occur when comparing the frequency of PanINs in fields with a variable epithelial/parenchymal ratio. The second method could induce sampling bias because of a variable number of reviewed slides between patients. This concern was previously expressed by Andea et al 32 and in their study they corrected for the presence of sampling bias by adding the number of slides as an independent variable to a multivariate analysis. The method described in this study, measuring frequency as a function of total epithelial length, is more precise and might be useful in this system as well. Given the emerging link between early mucosal events and cancer risk in this and other reports, ascertainment of precursor frequency will have a critical major role in both sub-classifying populations of women with epithelial cancer and ascertaining the efficacy of preventive strategies.
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Figure 5 A graphic representation of SCOUTs per section. In most tissue sections, a single SCOUT is observed, with progressively fewer sections exhibiting two or more SCOUTs. This supports the concept that SCOUTs do not tend to cluster in specific loci (as represented by tissue sections).
